VirB5 is a minor component of the extracellular T pilus determined by the Agrobacterium tumefaciens type IV secretion system. To identify proteins that interact with VirB5 during the pilus assembly process, we purified VirB5 as a recombinant fusion protein and, by using a gel overlay assay, we detected a 26-kDa interacting protein in Agrobacterium cell lysates. The VirB5-binding protein was purified from A. tumefaciens and identified as the cytokinin biosynthetic enzyme Tzs. The VirB5-Tzs interaction was confirmed using pulldown assays with purified proteins and the yeast two-hybrid system. An analysis of the subcellular localization in A. tumefaciens showed that Tzs was present in the soluble as well as the membrane fraction. Tzs was extracted from the membranes with the mild detergent dodecyl-␤-D-maltoside in complexes of different molecular masses, and this association was strongly reduced in the absence of VirB5. Using immunoelectron microscopy, we also detected Tzs on the Agrobacterium cell surface. A functional type IV secretion system was required for efficient translocation to the surface, but Tzs was not secreted into the cell supernatant. The fact that Tzs localizes on the cell surface suggests that it may contribute to the interaction of Agrobacterium with plants.
VirB5 is a minor component of the extracellular T pilus determined by the Agrobacterium tumefaciens type IV secretion system. To identify proteins that interact with VirB5 during the pilus assembly process, we purified VirB5 as a recombinant fusion protein and, by using a gel overlay assay, we detected a 26-kDa interacting protein in Agrobacterium cell lysates. The VirB5-binding protein was purified from A. tumefaciens and identified as the cytokinin biosynthetic enzyme Tzs. The VirB5-Tzs interaction was confirmed using pulldown assays with purified proteins and the yeast two-hybrid system. An analysis of the subcellular localization in A. tumefaciens showed that Tzs was present in the soluble as well as the membrane fraction. Tzs was extracted from the membranes with the mild detergent dodecyl-␤-D-maltoside in complexes of different molecular masses, and this association was strongly reduced in the absence of VirB5. Using immunoelectron microscopy, we also detected Tzs on the Agrobacterium cell surface. A functional type IV secretion system was required for efficient translocation to the surface, but Tzs was not secreted into the cell supernatant. The fact that Tzs localizes on the cell surface suggests that it may contribute to the interaction of Agrobacterium with plants.
Agrobacterium tumefaciens is a gram-negative plant pathogen that incites crown gall tumors after infecting plant wounds (34, 54, 55) . Tumor formation is a consequence of the transfer of a piece of single-stranded DNA, the T-DNA (transferred DNA), and of its integration into the plant genome. The T-DNA encodes proteins that direct the synthesis of plant hormones, such as cytokinin (Tmr) and indole acetic acid (Tms), and the subsequent deregulation of the plant phytohormone balance leads to tumor formation (1, 2) . The Tmr protein exerts its function after the uptake into the chloroplasts, where it diverts an intermediate of the methyl-erythritol phosphate (MEP) pathway of isoprenoid biosynthesis for the production of hydroxylated trans-zeatin ribotides (40) . Cytokinin biosynthesis in plants predominantly uses isoprenoid metabolites from the MEP pathway as well, but the primary products are isopentenyl ribotides and those are subsequently hydroxylated to trans-zeatin ribotides (36, 39) . Alternatively, isopentenyl ribotides are synthesized from metabolites of the cytoplasmic mevalonate pathway or they are produced as products of the degradation of modified tRNAs resulting in cis-zeatin ribotides.
A subgroup of A. tumefaciens, the nopaline strains, encodes the Tmr homologous trans-zeatin synthesis (Tzs) protein on the tumor-inducing (Ti) plasmid (9, 20, 51) . In contrast to the T-DNA gene tmr, the tzs gene is not translocated into plant cells and its gene product Tzs catalyzes the last step of the biosynthesis of the trans-zeatin ribotides inside A. tumefaciens (24, 27, 37) . The biological significance of Tzs action is believed to be that the produced cytokinins stimulate plant cell growth in the wound callus. This stimulation may increase the efficacy of T-DNA transformation, and the fact that Tzs is coregulated with the T-DNA translocation machinery is in accord with this notion (24, 37) . However, so far there is no direct evidence for this role of Tzs during the Agrobacterium-plant interaction. As Tzs is not produced in all agrobacteria, it is not considered to be essential for virulence and it may be a host range factor that contributes to the infection of certain plants. In addition to the proteins that impact plant hormone homeostasis, the T-DNA encodes proteins that mediate the production of opines, a special family of conjugates between organic acids and amino acids (50, 54) . These compounds serve as nutrients for A. tumefaciens, which, unlike most other bacteria, has the ability to metabolize them. The unique strategy of A. tumefaciens to exploit the resources of plants was named genetic colonization, and it relies on the ability to transfer genes from the bacteria into the host cell (45) . A type IV secretion system (T4SS) mediates the translocation of the single-stranded T-DNA covalently linked to the VirD2 protein into plant cells (6, 14, 34) . The T4SS required for this translocation process consists of 12 components, the 11 VirB proteins (VirB1-VirB11) and VirD4. Three of the components of the T4SS, VirB4, VirB11, and VirD4, contain Walker nucleotide binding and hydrolysis motifs; they interact and energize T4SS functions (5). VirB1, VirB3, VirB6, VirB7, VirB8, VirB9, and VirB10 assemble into a complex that spans the inner and the outer membrane and may form the substrate translocation channel (13, 25, 28, 49) . The proteins VirB2 and VirB5 are components of the T4SS-determined T pilus, an extracellular structure that is believed to initiate cell-cell contact with plant cells prior to the initiation of T-complex transfer (16) . VirB2 is the major T-pilus component that forms the main body of this extracellular structure (31) . A yeast twohybrid screen identified interaction partners in Arabidopsis thaliana, suggesting that VirB2 directly contacts the host cell during the substrate translocation process (23) . VirB5 and its homologs TraC and TrbF were identified as minor components of T4SS-determined surface structures (42) (43) (44) . VirB5 localizes at the T-pilus tip, and C-terminal variants were differentially affected in DNA transfer to different hosts, suggesting that VirB5 may also be involved in host-cell contact (3) .
Details on the mechanism of T-pilus assembly are beginning to emerge, and based on work with purified components and analyses of membrane-bound T4SS complexes, a VirB4-VirB8-VirB2-VirB5 pilus assembly sequence was proposed (53) . As an independent approach to gain insights into the mechanism of T-pilus incorporation of VirB5, we pursued a gel overlay approach to isolate interaction partners from A. tumefaciens. We detected a 26-kDa VirB5-binding protein from A. tumefaciens, and this protein was subsequently purified and identified as the trans-zeatin biosynthetic protein Tzs. The VirB5-Tzs interaction was confirmed, and an analysis of its subcellular localization showed that Tzs associates with discrete membrane protein complexes and that it is also exposed at the cell surface. A functional T4SS was required for efficient incorporation of Tzs into membrane complexes and for efficient translocation to the cell surface, suggesting that the secretion system and VirB5 may enable these processes by directly binding to Tzs.
MATERIALS AND METHODS

Cultivation of microorganisms.
Cultures of Escherichia coli for cloning and protein overproduction were grown in LB medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl) or in LBON medium (LB medium without NaCl) following standard procedures (12, 32 7) for the analysis of interactions as described previously (15) .
Plasmid and strain constructions. Standard molecular biology procedures were followed for the construction of strains (Table 1 ) and plasmids (Table 2 ) (32) , and the oligonucleotides used are listed in Table 3 . All PCR-amplified gene sequences were verified after cloning by DNA sequencing.
For the overexpression of fusions of VirB5 without the N-terminal signal peptide, the gene was PCR amplified with the oligonucleotides VirB5-5Ј and VirB5-3Ј, followed by cleavage with Acc65I and PstI and ligation into similarly cut pT7-H 6 TrxFus and pT7-7StrepII. To analyze the interactions of Tzs with the yeast two-hybrid system, the gene was PCR amplified with the oligonucleotides AS2-Tzs-5Ј and AS2-Tzs-3Ј and cleaved with BsphI and BamHI, followed by ligation into NcoI and BamHI-cleaved pAS2 and pACTII.
Strains CB1002 and CB1008, carrying in-frame deletions of virB2 and virB8, respectively, on the Ti plasmid of strain C58, were constructed essentially as described previously (10, 43) using the oligonucleotides shown in Table 3 . The virB2 gene with 500 bp of upstream and downstream sequence was PCR amplified from intact A. tumefaciens cells by using oligonucleotides B2-5 and B2-3, and the fragment was cloned into the precleaved plasmid pTZ57R/T (InsTAclone kit; Fermentas), followed by deletion of the gene by inverse PCR with the oligonucleotides ⌬B2-5 and ⌬B2-3. The 1-kb fragment with the flanking regions was then excised with EcoRI and cloned into vector pK*mobsacB (41) , and the gene deletion was introduced into the chromosome by double recombination (10, 43) . A similar procedure was followed for the construction of CB1008 using oligonucleotides B8-5 and B8-3 for PCR amplification of virB8 and of its flanking regions, followed by cloning and inverse PCR with the oligonucleotides ⌬B8-5 and ⌬B8-3. The fragment containing the flanking regions was then excised with XbaI and cloned into pK*mobsacB, and the gene deletion was introduced into the chromosome by double recombination as described above.
Overproduction and purification of VirB5 and of Tzs. Soluble fusion proteins (hexahistidyl-and StrepII-tagged VirB5) were overproduced in the NaCl-inducible T7 promoter expression strain GJ1158 as described previously (53) after expression for 90 min at 37°C (His 6 TrxAVirB5) and for 48 h at 20°C (StrepIIVirB5). They were subsequently purified by StrepTactin-Sepharose or immobilized metal affinity chromatography (IMAC) and gel filtration chromatography as described previously (53) . Native Tzs protein was overproduced and purified as described previously (27) , and 500 g was used for the generation of a specific antiserum after injection into rabbits (BioGenes, Germany).
Protein analytical methods, subcellular fractionation, and gel overlay assay. Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (30), followed by Western blotting with specific antisera following standard procedures (21) . Membrane protein complexes were isolated from A. tumefaciens by extraction with the mild detergent dodecyl-␤-D-maltoside (DDM), followed by blue native electrophoresis as described previously (53) . Proteins from other subcellular fractions were isolated after shearing and ultracentrifugation (T pili) and after precipitation of cell-free supernatants with acetone as described previously (7, 42) .
A gel overlay assay based on the method described previously by Homann et al. (22) was applied for the detection of interaction partners of VirB5. Samples were separated by SDS-PAGE, followed by Western blotting onto polyvinylidene difluoride (PVDF) membranes and incubation for 12 h at 4°C in renaturation buffer (10 mM HEPES, 10 mM MgCl 2 , 50 mM NaCl, 0.1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, pH 7.5) to remove the SDS and to enable refolding. The membranes were then washed three times with Tris-buffered saline containing Tween 20 (TBS-T) (20 mM Tris-HCl, 137 mM NaCl, 0.1% Tween 20, pH 8), and protein binding sites were blocked with 5% dry milk powder in TBS-T, followed by incubation with purified VirB5 fusion protein (1.5 g/ml) in TBS-T with 5% dry milk powder for 5 h at 4°C. The membranes were then washed three times with TBS-T, and the bound VirB5 fusion protein was detected by Western blotting with a specific antiserum. Interaction studies using affinity matrices (pulldown assays). Pulldown assays to detect the interaction of purified Tzs with hexahistidyl-or StrepII-tagged VirB5 fusion proteins bound to affinity matrices were conducted as described previously (53) .
Purification of a VirB5-binding protein from A. tumefaciens. The VirB5-binding protein was purified from A. tumefaciens, and the gel overlay assay described above was applied to monitor the progress of individual purification steps. A. tumefaciens strain C58 carrying plasmid pPZP300 was cultivated under virulence gene-inducing conditions on eight AB minimal medium agar plates (15 cm diameter) for 4 days at 20°C in the presence of 200 M AS for virulence gene induction. The bacteria were washed from the plates with 10 ml 50-mM Na-Kphosphate buffer per plate, sedimented, and resuspended in 20 ml 50-mM Na-K-phosphate buffer. Next, the bacteria were lysed by passage through a French press at 20,000 lb/in 2 , followed by low-speed centrifugation (40 min at 12,000 rpm in an SS-34 rotor, Sorvall RC5B centrifuge) to remove cell debris and ultracentrifugation (2 h at 40,000 rpm in a Ti50.2 rotor, Sorvall OTD-50B ultracentrifuge) to remove membrane proteins. The VirB5-binding protein in the soluble fraction was further enriched by differential (NH 4 ) 2 SO 4 precipitation (30 to 70% in steps of 10%), and the highest amount was detected in the 40% fraction. The precipitate was suspended in 1 ml 50 mM HEPES (pH 7), dialyzed in 2 liters of this buffer at 4°C for 12 h and then applied onto a Mono Q-Sepharose anion exchange column (Amersham Biosciences). The column was washed with 50 mM HEPES (pH 7), followed by elution with a linear gradient (50 mM to 1 M NaCl in 50 mM HEPES-puffer, pH 7) over 10 column volumes, and the fractions were precipitated by the addition of acetone. The samples were separated by electrophoresis on a 12% acrylamide gel and blotted onto a PVDF membrane, and the VirB5-binding protein localized by gel overlay assay was identified by N-terminal sequencing using standard protocols.
Yeast two-hybrid system analysis. Analyses of protein-protein interactions using the yeast two-hybrid system were conducted as described previously following standard procedures for the Matchmaker two-hybrid system (Clontech) (8, 15) . The genes were cloned into pAS2 and pACTII, and plasmid-containing yeast cells were selected on SD medium in the absence of Leu and Trp. Six 
Construction of pT7-7 StrepIIVirB5
VirB5-5Ј 5Ј-CAGGGTACCCAGTTCGTTGTCAGCGATCCGGCG-3Ј and pT7-7H 6 TrxA-VirB5
VirB5-3Ј 5Ј-GAGCTGCAGTCAGGGGACGGCCCCAAAGATG-3Ј
Construction of pAS2-Tzs and AS2-Tzs-5Ј 5Ј-GGAGGCTCATGATACTCCATCTCATCTACGGACC-3Ј pACTII-Tzs AS2-Tzs-3Ј 5Ј-GACGGGGATCCTCACCGAATTCGCGTCAGCGTG-3Ј
Cloning of virB2
Cloning of virB8 containing X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (1 mg/ml) to identify ␤-galactosidase production. The strength of the interaction was assessed based on the number of blue colonies among six transformants each from six independent transformation experiments. Immunoelectron microscopy. Immunoelectron microscopy to detect cellbound Tzs was conducted as described previously (3) using 1:250 diluted Tzsspecific primary antiserum and 1:10-diluted anti-rabbit 10-nm gold conjugates (Sigma-Aldrich).
RESULTS
Overlay assays detect a VirB5-binding virulence-induced protein in A. tumefaciens. In an attempt to identify A. tumefaciens proteins that contribute to the incorporation of the minor T-pilus component VirB5 into these extracellular structures, we overexpressed VirB5 as a fusion to hexahistidyl-thioredoxin. His 6 TrxAVirB5 was purified by immobilized metal affinity chromatography, and a gel-overlay assay was conducted to identify binding partners in A. tumefaciens cell lysates. To this end, the lysates were separated by SDS-PAGE, followed by blotting onto a PVDF membrane and removal of the SDS to enable renaturation. The membranes were then incubated with purified His 6 TrxAVirB5, and the bound fusion protein was detected after incubation with a VirB5-specific antiserum and a horseradish peroxidase-coupled secondary antiserum by chemiluminescence detection. This approach identified a 26-kDa protein only in lysates of virulence gene-induced strain C58, not in lysates from noninduced cells (Fig. 1A) . This protein was slightly larger than the 25-kDa VirB5, which was detected by standard Western blotting as well as during the overlay assay procedure. The VirB5-binding protein was also present in lysates from the virB5 gene deletion strain CB1005 (CB5) (Fig. 1A) , excluding the possibility that it represents a modified VirB5 with a higher apparent molecular mass. In order to characterize its subcellular localization, we analyzed subcellular fractions and detected the VirB5-binding protein in the total cell lysate and in the soluble fraction (Fig. 1B) . In contrast, VirB5 was detected in the total cell lysate and in the membrane fraction. Since all T4SS components localize either exclusively or primarily in the membranes, we concluded that the VirB5-binding protein is not likely a component of the transmembrane complex but that it may be an AS-induced soluble factor that aids in VirB5 assembly. To assess this possibility, the protein was purified and identified next.
Purification and identification of the VirB5-binding protein as Tzs. To purify the His 6 TrxAVirB5-binding protein, strain C58 carrying the plasmid pPZP300 (for increased virulence gene expression) was grown in the presence of the virulence gene inducer AS and as controls, we also cultivated the negative controls CB1005 (with AS) and C58 (without AS). Cell lysis was conducted in a French press, the cell debris was removed by low-speed centrifugation, and the membranes were then separated from the soluble proteins by ultracentrifugation. To enrich the His 6 TrxAVirB5-binding protein, we subjected the soluble fraction to stepwise fractionation with (NH 4 ) 2 SO 4 and the highest amounts were detected in the 40% and 50% fractions in the case of strain C58 as well as that of CB1005 ( Fig. 2A) . VirB5 was also detected in the soluble fraction here, which is likely due to the more highly concentrated sample. This result is in accord with previous reports showing that a small portion of VirB5 is present in the soluble fraction (42, 53) . The highest amount of VirB5 was precipitated with 30% (NH 4 ) 2 SO 4 , but the protein was also detected in the 40% and 50% fractions. These data are in accord with the possibility that VirB5 and the interacting protein form a complex in vivo.
We used Coomassie staining of SDS gels to analyze the differential salt solubility. This analysis revealed that the 40% (NH 4 ) 2 SO 4 fraction contained a 26-kDa protein and the smallest amount of other proteins (data not shown), and it was therefore chosen for further purification by anion exchange chromatography. Only a portion of the VirB5-binding protein (revealed by overlay assay) and of soluble VirB5 (revealed by Western blotting) from the 40% (NH 4 ) 2 SO 4 fraction bound to the anion exchange column, whereas most of both proteins eluted in the wash fractions (Fig. 2B) . Interestingly, VirB5 and its interaction partner eluted in identical fractions during this procedure and this result is also consistent with the notion that they may form a complex. An analysis of the fractions eluted from the column by SDS-PAGE and Coomassie staining revealed that this procedure constituted an enrichment of the VirB5-binding protein, and we concluded that the purity was high enough for its identification. To this end, we blotted the flowthrough fraction with the highest amount of the VirB5-binding protein onto a PVDF membrane and its identity was analyzed by N-terminal (Edman) sequencing. This analysis identified 11 of the 12 N-terminal amino acids counted from the N terminus as MLLHLIYGPTXS (X indicates an amino acid that could not be identified), which matches Tzs, the trans-zeatin biosynthetic protein from A. tumefaciens strain C58. The finding of Tzs as the VirB5 binding protein was unexpected, as there is no obvious connection between a protein involved in phytohormone biosynthesis in the cytoplasm and a T4SS component. However, the biological role of Tzs has not been firmly established and, in the following work, we verified the interaction with VirB5 and assessed its biological significance.
Pulldown and yeast two-hybrid analysis confirm the interaction between VirB5 and Tzs. To further characterize the VirB5-Tzs interaction, we cloned, overproduced, and purified Tzs as described previously (27) and we used the purified protein for the generation of a specific antiserum. We also overproduced and purified N-terminally StrepII-affinity-tagged VirB5 and used this fusion protein as well as His 6 TrxAVirB5 to analyze the interaction with purified Tzs in pulldown assays. N-terminally affinity-tagged His 6 TrxAVirB5 protein was attached to the IMAC affinity matrix and incubated with Tzs, followed by sedimentation of the matrix by centrifugation, washing, detection of the bound proteins by SDS-PAGE, and detection with specific antisera. This approach demonstrated that a VirB5 fusion protein bound Tzs to the IMAC matrix, and the use of a negative control (matrix without His 6 TrxAVirB5) showed that this was not due to unspecific binding of Tzs (Fig.  3A) . Similar results were obtained when the pulldown assays were conducted with StrepII affinity-tagged VirB5 and StrepTactin-Sepharose affinity matrix (Fig. 3B) . These results also lead to the conclusion that Tzs binds to the VirB5 portion of the fusion proteins and not to the His 6 TrxA domain.
As an independent assay to assess the VirB5-Tzs interaction, we used the yeast two-hybrid system. The genes encoding VirB5, Tzs, and (as a positive control) the VirE2 protein were fused to the DNA and the activation domains of the yeast GAL4 transcription factor. Interaction between two fusion partners resulted in the activation of the lacZ promoter and was monitored by the blue color of the yeast colonies. As in previous work, VirE2 was found to interact with itself (8) and we also detected a VirB5-VirB5 interaction, but this assay did not provide evidence for self-interaction of Tzs (Table 4) . When pairwise combinations of the three proteins were tested, we noticed that VirB5 bound to the DNA binding domain led to lacZ gene activation when both Tzs and VirE2 were coexpressed as fusions to the activation domain, but the reciprocal experiments did not lead to gene activation. As the expression of VirB5 fused to the DNA binding domain alone did not activate the lacZ gene (data not shown), we conclude that the results of this assay lend additional support for the notion that Tzs and VirB5 interact. The evidence for a VirB5-VirE2 interaction presented here is novel, but we have not analyzed this question further in the context of this work. After confirming the VirB5-Tzs interaction with independent in vitro methods, we next analyzed whether Tzs associates with the T4SS complex in vivo.
FIG. 2. Purification of the VirB5-binding protein from the soluble fraction of C58 cell lysates. Wild-type C58 and the virB5 deletion variant CB1005 were grown under virulence gene-inducing (ϩAS) or noninducing conditions (ϪAS). (A) Cells were lysed in a French press
and the soluble fractions were separated from the membranes by ultracentrifugation, followed by precipitation of proteins with increasing concentrations of (NH 4 ) 2 SO 4 as indicated. The precipitates were analyzed by SDS-PAGE and Western blotting with VirB5-specific antiserum (upper panel) or by overlay assay with His 6 TrxAVirB5, followed by the detection of bound VirB5 (lower panel). (B) Proteins precipitated with 40% (NH 4 ) 2 SO 4 from C58 extracts were dialyzed and applied to a MonoQ anion exchange column, and the fractions eluted from the column (flowthrough and NaCl gradient) were analyzed by SDS-PAGE and Western blotting, overlay assay and detection of VirB5, or Coomassie staining. The protein indicated by the asterisk was electrotransferred to a PVDF membrane and subjected to Edman sequencing. Arrows show VirB5, and arrowheads indicate the His 6 TrxAVirB5-binding protein detected using the overlay assay; numbers on the right indicate the molecular masses of reference proteins. Analysis of Tzs production and membrane association. Using the Tzs-specific antiserum, we first studied the conditions for production of Tzs in different agrobacteria. Tzs was detected exclusively in virulence gene-induced cells of A. tumefaciens strains C58 and A208 but not in strains A348, A281, Ach5, and Chry5 (data not shown). These results are in accord with its occurrence only on nopaline-type Ti-plasmids, such as in strains C58 and A208.
We next used the antiserum to determine the subcellular localization of Tzs in A. tumefaciens strain C58, and the T-pilus components VirB2 and VirB5 were used as controls. As described above, the cells were fractionated into total cell lysate (T), soluble (S), and membrane proteins (M) and Tzs was detected in all three fractions (data not shown). This result differs from that of the overlay assay, which detected the VirB5-binding protein exclusively in the soluble fraction (Fig.  1B) . The fact that we analyzed more concentrated fractions of the membranes here and that detection with the Tzs-specific antiserum was more sensitive than the overlay assay likely explains this discrepancy.
To analyze the impact of VirB5 on the membrane association of Tzs in more detail, we next extracted membrane proteins with the mild detergent DDM, followed by separation under native conditions by blue native electrophoresis. This method was initially developed to assess the interactions between T4SS components, and it was applied here to determine the association of the translocation machinery with Tzs. As in previous work, both VirB2 and VirB5 were detected in the 100-kDa molecular mass range and, as expected, VirB2 was absent in CB1002 and VirB5 was absent in CB1005 (Fig. 4 ). An analysis with Tzs-specific antiserum revealed that the largest portion of Tzs was present in high-molecular-mass fractions larger than 140 kDa and in low-molecular-mass fractions smaller than 67 kDa (Fig. 4C) . A minor fraction was also present in the 100-kDa molecular mass range, but the signal was not as well defined as in the cases of VirB2 and VirB5. These results were qualitatively similar in extracts from CB1002 and CB1008, but the amounts of Tzs were strongly reduced in CB1005. Tzs was not detected in the high-and low-molecular-mass fractions, but a relatively well-defined signal was present in the 100-kDa molecular mass range in CB1005 as well as in CB1008. Complementation of the virB5 deletion in CB1005 pTrcB5 restored the wild-type pattern of Tzs fractionation, and these results demonstrate that VirB5 has a profound impact on the membrane association of Tzs. The fractionation of Tzs observed here is reminiscent of that of T4SS core components and of translocated substrates that were extracted in high-molecular-mass complexes with DDM. To assess whether Tzs is translocated from Agrobacterium by the T4SS, we analyzed next whether it is transferred to plant cells or to the cell exterior.
Extracellular localization of Tzs depends on T4SS function. The T4SS-dependent membrane association and the presence of positively charged residues at the C terminus of Tzs, which is a translocation signal of other T4SS substrates (48) , opened the possibility that it may be translocated to plant cells. To test this possibility, the gene encoding Tzs was fused in frame to that encoding the Cre recombinase and its translocation to plant cells was tested following standard protocols (47) . This analysis did not provide any evidence for a translocation of the fusion protein, indicating that Tzs is not a substrate translocated to plant cells (A. den Dulk-Raas and A. Vergunst, personal communication). Next, we tested whether Tzs is secreted to the cell exterior of strain C58 grown in liquid medium. As a positive control, we monitored the secretion of the C- terminal   FIG. 4 . Analysis of DDM-extracted membrane protein complexes by blue native electrophoresis. Strains C58, CB1002 (⌬virB2), CB1005 (⌬virB5), and CB1008 (⌬virB8) and complemented variants were cultivated on AB minimal medium in the absence (ϪAS, lane 1) or in the presence of AS (ϩAS, lanes 2 to 7) for virulence gene induction, followed by cell lysis, sedimentation of the membranes and extraction with 2% DDM. The samples were separated by blue native PAGE on a 15% gel, followed by Western blotting with VirB2-, VirB5-, and Tzs-specific antiserum. Lanes: 1, C58 without AS; 2, C58 with AS; 3, CB1002; 4, CB1005; 5, CB1002 pTrcB2; 6, CB1005 pTrcB5; 7, CB1008. Arrowheads point to Tzs in a 100-kDa complex in CB1005 and CB1008, and molecular masses of reference proteins are shown on the right (in kilodaltons). This experiment was conducted twice with qualitatively similar results. VirB1* fragment that is proteolytically processed from VirB1 (7). Tzs was not detected in the cell supernatant, and it is therefore not a secreted protein (Fig. 5) .
T4SS-mediated translocation may alternatively lead to the incorporation or Tzs into T pili or to its display at the cell surface. To address these possibilities, we cultivated agrobacteria on solid agar medium, followed by the shearing of the cells to remove cell-bound T pili and flagella and ultracentrifugation to separate these high-molecular-mass extracellular structures in the ultracentrifugation pellet from low-molecularmass structures in the ultracentrifugation supernatant. The T-pilus major component VirB2 and the minor component VirB5 as well as Tzs were detected in the ultracentrifugation pellet of samples from wild-type strain C58, suggesting that Tzs is incorporated into a high-molecular-mass structure that can be removed from the cells by shearing (Fig. 6 ). In accord with previous work, VirB2 and VirB5 were not detected in the ultracentrifugation pellets from strains CB1002, CB1005, and CB1008, but as expected, complementation of CB1002 and CB1005 restored pilus formation. In contrast, Tzs was detected in the ultracentrifugation pellets isolated from CB1002, in reduced amounts in those from CB1008, and in strongly reduced amounts in those from CB1005 (Fig. 6) . The reduced association with the ultracentrifugation pellet fraction was complemented in CB1005 pTrcB5. These results demonstrated that Tzs can be sheared in a high-molecular-mass complex from the cell exterior, but since this association was not strictly dependent on VirB2 and VirB8, it is likely not a T-pilus component.
The results of the shearing experiments suggested that Tzs may be displayed on the cell surface, and we directly tested this possibility by immunoelectron microscopy. This approach has identified VirB5 on the cell surface and on the tips of T pili, whereas VirB2 was detected along the entire length of isolated T pili (3). When we conducted the immunoelectron microscopic analysis with Tzs-specific antiserum, the protein was detected evenly distributed across the entire surface of the wild-type strain C58, but it was not associated with T pili (Fig.  7) . The number of gold grains indicating the presence of Tzs on the cell surface was modestly reduced on CB1002 and strongly reduced on CB1008, and the lowest amount was detected on CB1005. These reductions were complemented in CB1002 pTrcB2 and CB1005 pTrcB5 (Fig. 7) . The results of the immunoelectron microscopic analysis correlated well with the detection of Tzs in pellets after shearing of the cells and ultracentrifugation (Fig. 6) , showing that both assays detected a surface-exposed form of Tzs. Taken together, the work presented here demonstrates that Tzs is translocated to the cell surface of A. tumefaciens strain C58 and that the high efficiency of this process depends on VirB5 in the context of a functional T4SS.
DISCUSSION
The original goal of the work described here was to isolate proteins from A. tumefaciens that mediate the incorporation of VirB5 into T pili. To this end, we pursued an unbiased biochemical approach to isolate proteins from cell lysates that bind to purified VirB5 fusion protein and we envisaged that we may identify VirB proteins, other virulence-induced proteins, and possibly, non-virulence-induced proteins. The identification of Tzs, a protein that is believed to synthesize trans-zeatin ribotide phytohormones in the A. tumefaciens cytoplasm, came as a surprise, as there was no a priori reason to believe that such a protein would interact with the T4SS. In the course of this study, we have provided several lines of evidence supporting the notion that the Tzs-VirB5 interaction occurs in vivo and we gained insights into the mechanism of Tzs translocation across the cell envelope.
The first line of evidence suggesting a specific interaction was the finding that the VirB5 fusion protein bound only to one protein from A. tumefaciens cell lysate on PVDF membranes, the Tzs protein. Thus, VirB5 did not show features of a "sticky" protein that interacts with many partners. Under the conditions used, this interaction was apparently stronger than that with other known interaction partners of VirB5, such as VirB8 and VirB10 (53) , that were not detected by overlay assay. This difference may be due to the fact that VirB8 and 6 . Analysis of the composition of T-pilus fractions. Strains C58, CB1002 (⌬virB2), CB1005 (⌬virB5), and CB1008 (⌬virB8) and complemented variants were cultivated on AB minimal medium in the absence (Ϫ) of AS (lane 1) or in the presence (ϩ) of AS (lanes 2 to 7) for virulence gene induction, followed by shearing of cells and ultracentrifugation for separation of extracellular high-molecular-mass structures (ultracentrifugation pellet) and low-molecular-mass proteins released from the cells (ultracentrifugation supernatant). Samples were separated by SDS-PAGE, followed by Western blotting with VirB2-, VirB5-, and Tzs-specific antiserum. Lanes: 1, C58 without AS; 2, C58 with AS; 3, CB1002; 4, CB1005; 5, CB1002 pTrcB2; 6, CB1005 pTrcB5; 7, CB1008. The arrowhead points to the reduced amount of Tzs in the ultracentrifugation pellet from CB1005, and molecular masses of reference proteins are shown on the right (in kilodaltons).
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VirB10 do not refold on the membranes, but in any case, the limited number of interaction partners is consistent with a specific interaction. The second line of evidence stems from the apparent copurification of Tzs with a portion of soluble VirB5, which was observed during the initial purification of the VirB5-binding protein. Whereas this does not constitute a strict proof for an in vivo interaction, the results are consistent with the interaction detected with the overlay assay. The interaction between VirB5 and Tzs was subsequently confirmed using pulldown assays with purified proteins and the yeast two-hybrid system. The third line of evidence is based on the observation that a significant portion of Tzs associated with the membrane fraction. In the absence of VirB5, Tzs did not cofractionate with detergent-extracted high-molecular-mass complexes (larger than 140 kDa) and low-molecular-mass complexes (smaller than 67 kDa) and only small amounts of Tzs fractionated in the 100-kDa molecular mass range, similar to that of the VirB2-VirB5 pilus assembly complex. It is tempting to speculate that the detection of Tzs in the 100-kDa molecular mass range may reflect an interaction with VirB5 and VirB2, whereas high-molecular-mass Tzs may reflect its interaction with the core T4SS that was shown to fractionate in this molecular mass range (27, 53) . The fourth line of evidence is based on the finding that the integrity of the T4SS is necessary for the efficient translocation of Tzs to the cell-surface that was monitored by the analysis of extracellular high-molecularmass structures as well as by immunoelectron microscopy. Taken together, our data suggest a model for the contribution of the VirB5-Tzs interaction to the translocation of Tzs to the cell surface. Surface-exposed Tzs was not released as a soluble protein into the supernatant, but it was removed from the cells by shearing and fractionated in a high-molecular-mass complex, together with T pili. This observation is reminiscent of findings made in the case of VirB7, which is a small lipoprotein and T4SS core complex component that translocates to the cell surface and is removed from the cells in a high-molecular-mass complex by shearing (38) . The extracellular localization of VirB7 does not depend on T-pilus assembly, indicating that it is not an integral pilus component, but VirB7 may contribute to the assembly of this extracellular structure (38) . Similar to VirB7, Tzs was detected on the surface of a virB2 deletion strain, albeit at reduced levels. In contrast to VirB7, we observed that the amount of surface-exposed Tzs was strongly reduced in the absence of VirB8 and even more so in the absence of VirB5. Thus, an efficient translocation of Tzs to the surface depends on the integrity of the T4SS, and VirB5 is especially critical for this process. These observations differ FIG. 7 . Immunoelectron microscopy detects Tzs on the A. tumefaciens cell surface. Strains C58, CB1002 (⌬virB2), CB1005 (⌬virB5), and CB1008 (⌬virB8) and complemented variants were cultivated on AB minimal medium in the absence or in the presence of AS for virulence gene induction, followed by immunoelectron microscopy with Tzs-specific primary antibody and 10 nm gold-labeled secondary antibody. (A) Representative images of transmission electron micrographs; arrowheads point to gold grains on the cell surfaces of samples as follows: 1, C58 without AS; 2, C58 with AS; 3, CB1002; 4, CB1005; 5, CB1002 pTrcB2; 6, CB1005 pTrcB5; 7, CB1008. The contrast was increased to visualize the outline of cells for the purpose of presentation, but counting was conducted with reduced contrast settings that allowed the visualization of grains in even more heavily stained regions of the cells. Bars, 100 nm. (B) Quantification of results of the transmission electron microscopy analysis of Tzs on the cell surface; numbering of bars as for panel A. We counted 10 cells each from three independent induction experiments for each strain (total of 30 cells), and error bars show the standard deviations. from those obtained in the case of VirB7, which translocates to the surface independently of individual T4SS components (38) . The fact that VirB7 and Tzs are surface exposed in the absence of VirB2 and in immunoelectron microscopic analyses conducted here and elsewhere suggests that these proteins are not T-pilus components (3) . The nature of the extracellular highmolecular-mass structure isolated by shearing remains elusive. One possibility is that shearing removes outer membrane vesicles (blebs) from the cells. Such structures are implicated in the translocation of virulence factors from bacteria (33, 35) , and it may be interesting to assess in the future whether membrane vesicles contribute to the Agrobacterium-plant interaction.
The presented data suggest a mechanism for the translocation of Tzs to the cell surface. Tzs may bind to VirB5 in the inner membrane and it may subsequently interact with T4SS core complex components, followed by its translocation to the cell surface. This model is supported by the observation that a major portion of detergent-extracted Tzs fractionated in the molecular mass range of the T4SS core components. The absence of VirB5, but not of VirB2 and VirB8, reduced the amount of Tzs in these complexes, indicating that VirB5 is likely required to enable an early step of the interaction with the T4SS. Both VirB2 and VirB8 apparently facilitate a later step of the translocation, as the amount of surface-exposed Tzs was reduced in CB1002 and even more so in CB1008. The interaction partners among the T4SS core components are not known, but the data presented here suggest that in contrast to the case for VirB7, a functional T4SS and especially VirB5 are required for efficient translocation of Tzs to the cell surface.
Whereas this work demonstrates the surface localization of Tzs and suggests a key role of the VirB5 interaction for the translocation, it does not reveal the biological significance of this localization. The production of trans-zeatin ribotides in the cytoplasm is believed to be the primary function of Tzs (24, 37) . However, the surface localization reported here opens up the possibility that Tzs may provide an additional or even an entirely different contribution to the A. tumefaciens-plant interaction. Different functions of surface-localized Tzs could be imagined, but further experimentation is required to assess these possibilities. First, the translocation of Tzs to the cell surface may down-regulate the cytoplasmic production of phytohormones. This metabolic pathway may be costly for the cells, and it may not contribute to the host cell interaction once the T-complex has been assembled and the tmr gene has been transferred. Thus, it may be advantageous to remove Tzs from the cytoplasm at this stage of the interaction. Second, surfacelocalized Tzs may convert metabolites from wounded and destroyed plant cells at the infection site to active phytohormones and thereby stimulate plant cell growth in the wound callus. Third, Tzs may be translocated to plant cells as a component of membrane vesicles and, in a manner similar to that of the Tmr protein, it may translocate to the chloroplasts and divert metabolites of the MEP pathway for the production of hydroxylated trans-zeatin ribotides (40) . So far, there is no evidence for the formation of membrane blebs by agrobacteria, but blebs were detected in the closely related genus Brucella and it is therefore possible that they are also produced by Agrobacterium species (4, 17) . The finding that Tzs as well as VirB7 associates with high-molecular-mass extracellular structures after shearing of cells is consistent with the possibility that membrane vesicles may be produced at the natural pathogen-host interface. Fourth, surface-localized Tzs may directly stimulate host-cell contact by binding to plant surface structures. The discovery of surface-localized GroEL, a protein that exerts an essential function in the bacterial cytoplasm, but contributes on the cell surface to pathogen-host adhesion in some bacteria, constitutes a precedent for this possibility (11, 18) . The abovementioned possibilities are speculative at this point, but the discovery of Tzs on the cell surface opens interesting avenues for the analysis of the Agrobacterium-plant interaction in the future.
